The ghost city phenomenon is a serious problem resulting from the rapid urbanization process in China. Estimation of the ghost city rate (GCR) can provide information about vacant dwellings. This paper developed a methodology to quantitatively evaluate GCR values at the national scale using multi-resource remote sensing data. The Suomi National Polar-Orbiting Partnership-Visible Infrared Imaging Radiometer (NPP-VIIRS) night-time light data and moderate resolution imaging spectroradiometer (MODIS) land cover data were used in the evaluation of the GCR values in China. The average ghost city rate (AGCR) was 35.1% in China in 2013. Shanghai had the smallest AGCR of 21.7%, while Jilin has the largest AGCR of 47.27%. There is a significant negative correlation between both the provincial AGCR and the per capita disposable income of urban households (R = −0.659, p < 0.01) and the average selling prices of commercial buildings (R = −0.637, p < 0.01). In total, 31 ghost cities are mainly concentrated in the economically underdeveloped inland provinces. Ghost city areas are mainly located on the edge of urban built-up areas, and the spatial pattern of ghost city areas changed in different regions. This approach combines statistical data with the distribution of vacant urban areas, which is an effective method to capture ghost city information.
Introduction
China has experienced rapid urbanization in the last decades [1] . Between 1978 and 2012, China's urban population increased from 12.9 to 52.6% [2] . The National Plan on New Urbanization, which was issued in March 2014, is a macroscopic, strategic and fundamental plan in China. This plan elaborates a set of urbanization targets for China to be achieved by 2020, transforming national urbanization into a people-oriented and ecologically friendly new type of urbanization. However, China's rapid urbanization process has produced some serious problems, for example environmental degradation and a waste of resources [3] [4] [5] . The ghost city phenomenon is a serious problem, has had severe effects on land use and ecosystems, creating a waste of energy and resources [4, 6] . To promote the new urbanization process, the Chinese ghost city problem should be resolved.
There are some studies on ghost cities [7, 8] . The problem was first reported and named by the western media. In 2010, Time magazine published a group of pictures of Ordos City in Inner Mongolia [9] . Despite many buildings in the city, no lights were lit at night, earning its status as a "ghost city". Since then, China's ghost city problem has been reported frequently in the world's major media outlets. However, the term "ghost city" is not clearly defined. Shepard [10] defined "ghost city" as "a new development that is running at severe under-capacity, a place with drastically fewer
Materials and Methods
In this paper, 31 provincial administrative regions and 333 prefecture-level administrative regions in China with different levels of urbanization and socioeconomic development were selected as the study area.
Data
The night-time light data used in this paper comprise the NPP-VIIRS day and night band (DNB) cloud-free composite imagery, obtained from the National Oceanic and Atmospheric Administration (NOAA) [33] . The NPP-VIIRS DNB cloud-free composite night-time light imagery was post-processed to remove clouds and correct for stray light [34] . These data are monthly composites with a spatial resolution of 15 arc seconds (approximately 462.5 m). In this study, the December 2013 NPP-VIIRS DNB night-time light data was selected to extract the urban built-up area. The December night-time light data can reflect the final expansion of urban built-up areas and population distribution in 2013. Compared to another commonly-used stable night-time light dataset, the DMSP-OLS [35] [36] [37] , the NPP-VIIRS DNB composite imagery has been calibrated in orbit, providing a higher spatial accuracy and solving the brightness saturation problem [34, 38] . However, these data contain not only the brightness from urban areas but also abnormal values such as fire points, volcanoes and background noise. Figure 1 shows that the NPP-VIIRS DNB data contains some pixels with negative values, which are caused by data compositing. In addition, the original data also contain some abnormal pixels with extremely large values, a phenomenon associated with highly reflective surfaces. These abnormal values would interfere with the extraction process. Due to the above problems, the original NPP-VIIRS DNB night-time light data had to be corrected. 
The night-time light data used in this paper comprise the NPP-VIIRS day and night band (DNB) cloud-free composite imagery, obtained from the National Oceanic and Atmospheric Administration (NOAA) [33] . The NPP-VIIRS DNB cloud-free composite night-time light imagery was postprocessed to remove clouds and correct for stray light [34] . These data are monthly composites with a spatial resolution of 15 arc seconds (approximately 462.5 m). In this study, the December 2013 NPP-VIIRS DNB night-time light data was selected to extract the urban built-up area. The December nighttime light data can reflect the final expansion of urban built-up areas and population distribution in 2013. Compared to another commonly-used stable night-time light dataset, the DMSP-OLS [35] [36] [37] , the NPP-VIIRS DNB composite imagery has been calibrated in orbit, providing a higher spatial accuracy and solving the brightness saturation problem [34, 38] . However, these data contain not only the brightness from urban areas but also abnormal values such as fire points, volcanoes and background noise. Figure 1 shows that the NPP-VIIRS DNB data contains some pixels with negative values, which are caused by data compositing. In addition, the original data also contain some abnormal pixels with extremely large values, a phenomenon associated with highly reflective surfaces. These abnormal values would interfere with the extraction process. Due to the above problems, the original NPP-VIIRS DNB night-time light data had to be corrected. The combined MODIS land cover type yearly data (MCD12Q1, 2013) were obtained from the United States Geological Survey (USGS) [39] . The MCD12Q1 land cover data have a spatial resolution of 500 m, as shown in Figure 1 . It employs the International Geosphere-Biosphere Program (IGBP) classification scheme, and the 13th class comprises urban and built-up areas, indicating land covered by buildings and other man-made structures.
The China Statistical Yearbook is an annual statistical publication compiled by the National Bureau of Statistics in China, including economic and social statistics for the past year. Data on the urban built-up areas in the 31 provincial administrative regions in 2013 [40] were used in this study. The combined MODIS land cover type yearly data (MCD12Q1, 2013) were obtained from the United States Geological Survey (USGS) [39] . The MCD12Q1 land cover data have a spatial resolution of 500 m, as shown in Figure 1 . It employs the International Geosphere-Biosphere Program (IGBP) classification scheme, and the 13th class comprises urban and built-up areas, indicating land covered by buildings and other man-made structures.
The China Statistical Yearbook is an annual statistical publication compiled by the National Bureau of Statistics in China, including economic and social statistics for the past year. Data on the urban built-up areas in the 31 provincial administrative regions in 2013 [40] were used in this study.
Methods
In summary, the proposed approach in this study includes five steps (Figure 2 ). The first step is the remote sensing data preprocessing phase, in which the night-time light (NTL) data and urban and built-up land cover (LCU) data are resampled and re-projected. The second step is to extract the NTL U , in which the NTL areas are covered by LCU areas. At the same time, the optimal threshold for built-up area extraction is determined by the built-up area statistics and NTL area. The third step is to use the optimal threshold to extract the built-up area in the NTL and NTL U data. These two results represent the total built-up (TB) area and the actual urban area with non-vacant built-up (NVB) areas. The last step is to calculate the ghost city rate (GCR) and the average ghost city rate (AGCR) and extract the ghost city. 
In summary, the proposed approach in this study includes five steps ( Figure 2 ). The first step is the remote sensing data preprocessing phase, in which the night-time light (NTL) data and urban and built-up land cover (LCU) data are resampled and re-projected. The second step is to extract the NTLU, in which the NTL areas are covered by LCU areas. At the same time, the optimal threshold for built-up area extraction is determined by the built-up area statistics and NTL area. The third step is to use the optimal threshold to extract the built-up area in the NTL and NTLU data. These two results represent the total built-up (TB) area and the actual urban area with non-vacant built-up (NVB) areas. The last step is to calculate the ghost city rate (GCR) and the average ghost city rate (AGCR) and extract the ghost city. 
Night-Time Light and Land Cover Data Preprocessing
As discussed in Section 2.1, most of the background noise has been removed in the original NPP-VIIRS DNB monthly night-time light imagery, but some abnormal values still remain, including negative values and extremely large values. The negative values are caused by the monthly imagery composition process and were regarded as background noise in this study. Thus, we removed this background noise and set the minimum threshold of the NTL imagery to 0. When correcting the NPP-VIIRS DNB data to extract the built-up area, the maximum brightness of the central urban area can be equal to the maximum threshold of the NTL data [41] . The city with the highest gross domestic product (GDP) in 2013 was Shanghai. As such, we treat Shanghai as the most developed region in China in 2013. Therefore, we use the maximum light intensity (294.349 nWcm −2 sr −1 ) of Shanghai's central built-up area as the maximum threshold for all NTL pixels in China. After this process, the NTL data were in the range of 0-294.349. The land cover data in the MCD12Q1-band1 dataset used the IGBP classification scheme. The 13th land cover class was extracted to retrieve the urban and built-up land cover (LCU) area.
All remote sensing data were projected into the Albers conical equal area projection, and the nearest neighbor algorithm was used to resample to keep the pixel size at 500 m by 500 m.
Determine the Built-Up Area Extraction Threshold and Extract NTL U
The built-up area with night-time light data was extracted in two strategies: imagery segmentation and constructing the feature space [28, 42] . The construction of the feature space was generally characterized by combining the night-time light data and the Vegetation Index (VI) or other high spatial resolution remote sensing products, but this method had a high dependence on high-resolution data [43] [44] [45] [46] [47] . Considering the large scale in this study, the imagery segmentation method was employed. During the process to extract the urban built-up area based on the night-time light data using the imagery segmentation method, it is important to determine the optimal threshold. Previous studies have developed a number of methods using the optimal threshold techniques [20, 27, 43, [45] [46] [47] [48] .
The statistical data method was used to determine the light intensity threshold using statistical data on the built-up area that had been published by many government departments due to its relatively high accuracy and reliability [42] . Specifically, the optimal extraction threshold was determined by dichotomies in the night-time light imagery. When the extracted area was closest to the total built-up area data, the optimal extraction threshold was determined [20] . The statistical data method was easy to implement, with a good accuracy and agreement with the NPP-VIIRS night-time data [27] .
Moreover, due to large regional differences in the geographical environment and socio-economic development, it was difficult to use a single threshold to extract China's built-up area [30, 48] . We improved the statistical data method for application in this study using statistical data on the built-up area from 31 provinces and NPP-VIIRS NTL data to calculate the optimal built-up area extraction threshold. The optimal threshold contains both the maximum threshold and minimum threshold in this study. The maximum threshold was the maximum light brightness of the most developed region's central urban area in a province, and the minimum threshold was set using statistical data. This process was iterated by increasing the threshold until the extraction area and the statistical area were the closest. The optimal thresholds for built-up area extraction in China and the 31 provincial administrative regions are listed in Table 1 .
Comparing the LCU area with the NTL data indicates that pixels with high fractional settlements generally had high DN values in the NTL imagery. The NTL data were fused with LCU to improve the NVB extraction accuracy and calculate the NTL U , the areas where the NTL areas were covered by LCU areas. It can be extracted using overlay analysis. Due to the difference in spatial resolution and algorithms, the MCD12Q1 data are very different with respect to the spatial extent of China's built-up areas [11] . In addition, the built-up area from the MCD12Q1 was found to be larger than the official statistical data. Due to of these issues, the LCU data from the MCD12Q1 dataset cannot be used to extract the TB directly. Moreover, the official statistics include the real area of the built-up areas in China. Thus, the statistical data method was used to extract the TB area. More details were mentioned in Section 2.2.2.
The NVB is the area of active human habitation. A large population and frequent socio-economic activities in these areas were indicated by high brightness. Therefore, the NVB satisfies two conditions: it has built-up area land cover, and the light intensity is greater than a certain threshold (the minimum threshold shown in Table 1 ). The optimal extraction threshold and the NTL U data were used to extract the NVB.
The statistical data on built-up areas determines the quantitative area characteristics, the land cover data determines the spatial distribution characteristics. The NVB data both satisfy the quantitative area characteristics and land cover spatial distribution characteristics. The optimal threshold was used to extract the NTL and NTL U , respectively, and obtain the TB and NVB accordingly. The TB was extracted from the built-up area statistics and NTL data, and the NVB were extracted from the NTL U data and optimal threshold.
Calculating the Ghost City Rate and Statistical Analysis
where GCR i is the vacancy intensity of the ith pixel in a ghost city area. NVB i and TB i are the light intensity values of the ith pixel in the NVB and TB, respectively. To improve the comparability and visual accuracy of the GCR, the seriousness of the ghost city phenomenon was described in different administrative regions. The GCR imagery was used in this research to generate a new ghost city index with a linearly weighted average algorithm, as expressed in Equation (2) . The average ghost city rates (AGCR) at both the provincial and municipal administrative scales were calculated.
where AGCR is the average ghost city rate of the administrative regions; GCR i is the GCR of the ith pixel in an administrative region; f i is the number of the GCR i pixel and n is the nth administrative region. Moreover, to explore the factors influencing ghost cities in China, correlation analyses between the provincial AGCR and several indicators were conducted using SPSS 19 (Statistical Product and Service Solutions, IBM, Armonk, NY, USA).
Accuracy Check
He et al. [20] used the statistical method to extract the built-up areas on a provincial scale and had good extraction results (accuracy error less than 3%). However, considering that the statistical data method is a threshold extraction method, the different scales of the built-up area statistical data may have influenced the extraction results. This difference may affect the extraction results of ghost cities. Due to the above issue, an accuracy check was conducted. The same workflow diagram (Figure 2 ) of this study was used to estimate the AGCR on a smaller scale using the municipal built-up area statistical data. The five cities were selected as samples to carry out this work. The five sample cities included two capital cities, Hohhot (the capital city of Inner Mongolia) and Xi'an (the capital city of Shaanxi) and three cities with the low municipal AGCRs, Songyuan (a city in Jilin), Hengyang (a city in Hunan), Hanzhong (a city in Shaanxi). The statistical data on the built-up area of the five sample cities were derived from the statistical bulletins and work reports of the local governments in 2013.
Results

Ghost City Rate Estimation
After the above five steps, raster imagery of the GCR in China was created (Figure 3) . Each pixel represents an area of 0.25 km 2 , and the pixel value is the proportion of the vacancy, which ranges from 0 to 1 and reflects the seriousness of the ghost city phenomenon.
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After the above five steps, raster imagery of the GCR in China was created (Figure 3) . Each pixel represents an area of 0.25 km 2 , and the pixel value is the proportion of the vacancy, which ranges from 0 to 1 and reflects the seriousness of the ghost city phenomenon. Four cities were selected to show the changes from NTL to GCR in the extraction process. The results are shown in Figure 4 . In Harbin, the capital city of Heilongjiang Province, the AGCR was 52.32%. In Changchun, the capital city of Jilin Province, the AGCR was 55.28%. In Shanghai, one of China's four municipalities, the provincial AGCR was 21.75%. In Changsha, the capital city of Hunan Province, the AGCR was 40.12%. Four cities were selected to show the changes from NTL to GCR in the extraction process. The results are shown in Figure 4 . In Harbin, the capital city of Heilongjiang Province, the AGCR was 52.32%. In Changchun, the capital city of Jilin Province, the AGCR was 55.28%. In Shanghai, one of China's four municipalities, the provincial AGCR was 21.75%. In Changsha, the capital city of Hunan Province, the AGCR was 40.12%. 
Provincial Average Ghost City Rate and Correlation Analysis
Using Equation (2), the AGCR of 31 provincial administrative regions were calculated (Table 2) . Provinces with a high AGCR were Jilin, Heilongjiang, Inner Mongolia and Tibet. The regions with AGCRs less than 30% included Shanghai, Tianjin, Jiangsu, Guangdong, Hainan and Beijing. The lowest AGCR was found in Shanghai, only 21.71%. 
Using Equation (2), the AGCR of 31 provincial administrative regions were calculated (Table 2) . Provinces with a high AGCR were Jilin, Heilongjiang, Inner Mongolia and Tibet. The regions with AGCRs less than 30% included Shanghai, Tianjin, Jiangsu, Guangdong, Hainan and Beijing. The lowest AGCR was found in Shanghai, only 21.71%. The results indicated that there were significant negative correlations between the provincial AGCR and two indicators ( Figure 5 ). The first indicator was the per capita disposable income of urban households. The second indicator was the average selling price of commercialized buildings. The Pearson correlation coefficients were −0.659 (p < 0.01) for the provincial AGCR and per capita disposable income of urban households and −0.637 (p < 0.01) for the provincial AGCR and the average selling price of commercial buildings. The results indicated that there were significant negative correlations between the provincial AGCR and two indicators ( Figure 5 ). The first indicator was the per capita disposable income of urban households. The second indicator was the average selling price of commercialized buildings. The Pearson correlation coefficients were −0.659 (p < 0.01) for the provincial AGCR and per capita disposable income of urban households and −0.637 (p < 0.01) for the provincial AGCR and the average selling price of commercial buildings. 
Ghost City Extraction
To extract the ghost cities, 333 municipal AGCRs were analyzed, with the municipal administrative region as the basic unit for the comparative analysis. The 333 municipal AGCRs fit a normal distribution ( Figure 6 ) and one-third of China's municipal regions had an AGCR between 30 and 35%. Thus it is appropriate to categorize municipal AGCRs using the standard deviation classification [49] . The AGCR of these cities was divided into five grades using the standard division classification method (Table 3) . According to the seriousness of the municipal AGCR, ghost cities were defined as those cities whose municipal AGCRs were in category V. In total, 31 ghost cities were extracted. 
To extract the ghost cities, 333 municipal AGCRs were analyzed, with the municipal administrative region as the basic unit for the comparative analysis. The 333 municipal AGCRs fit a normal distribution ( Figure 6 ) and one-third of China's municipal regions had an AGCR between 30 and 35%. Thus it is appropriate to categorize municipal AGCRs using the standard deviation classification [49] . The AGCR of these cities was divided into five grades using the standard division classification method (Table 3) . According to the seriousness of the municipal AGCR, ghost cities were defined as those cities whose municipal AGCRs were in category V. In total, 31 ghost cities were extracted. The results indicated that there were significant negative correlations between the provincial AGCR and two indicators ( Figure 5 ). The first indicator was the per capita disposable income of urban households. The second indicator was the average selling price of commercialized buildings. The Pearson correlation coefficients were −0.659 (p < 0.01) for the provincial AGCR and per capita disposable income of urban households and −0.637 (p < 0.01) for the provincial AGCR and the average selling price of commercial buildings. 
Accuracy Check
As shown in Table 4 , according to the accuracy check of the above five cities, despite the differences between provincial and municipal scales, the ghost city categories remain consistent. The municipal AGCR of categories IV and V, for example Hohhot and Xi'an, were overestimated, where the municipal AGCR of categories I and III, for example Songyuan, Hengyang and Hangzhou, were slightly underestimated. Thus, the cities with low municipal AGCRs may have a more serious ghost city phenomenon. The municipal AGCR of category V showed a very small difference (0.06%), the difference was too small to influence the ghost city extraction. Thus, our ghost city extraction method is effective when using the provincial-level built-up area statistical data. At present, there is neither a widely accepted ghost city extraction method nor officially-released statistics for China. Due to the lack of available ghost city validation datasets, ghost city validation work is often controversial. Nonetheless, in this research, strong efforts were made to compare the results with third party institutions, existing papers and media publications to improve the extraction accuracy of ghost cities in China.
As addressed in the "Introduction", the housing vacancy rate is one of the most important indicators for assessing the inhabitant quantity and urban vacancy phenomenon. The CHFS carried out a sampling survey on the housing vacancy rate across the 29 provinces, 262 counties and 1048 communities in China [13] . They found, on the national scale, that the housing vacancy rates in the central and western regions were higher than those in the eastern region. On the city scale, the housing vacancy rates of undeveloped cities were greater than those of the developed cities. According to a detailed analysis of six cities including Beijing, Shanghai, Chongqing, Chengdu, Wuhan, and Tianjin, the city with the highest vacancy rates was Chongqing. This is consistent with our results. For instance, as shown in Figure 6 , the ghost cities were mainly concentrated in the economically undeveloped inland region, and the municipal AGCR of Chongqing (38.44%) was greater than others municipal cities (Beijing of 32.07% and Shanghai of 21.71%). Moreover, compared with the ghost city extraction results in previous studies and media reports (Appendix A), most of the previous results showed that the majority of ghost cities were located in the inland border areas of China, which are consistent with our results. Overall, our results using the new effective method are basically consistent with published results.
Discussion
Correlation Analysis on the Provincial Scale
To analyze how the ghost city phenomenon emerged during rapid urbanization in China, a correlation analysis between the provincial AGCR and two indicators was employed. The per capita disposable income of urban households is representative of a resident's purchasing power. The average selling price of commercialized buildings, calculated by dividing the total price of all commercial buildings by the total area, is an important price index in the real estate market. The results showed some useful information, indicating that regions where the residents have weak purchasing power and where there are low housing prices always have a serious ghost city phenomenon. Areas with high AGCRs are concentrated in the border areas in northeast, northwest and southwest China (Figure 7 ) and the AGCR in the southeastern coastal areas is relatively low. The difference in AGCR from the southeast coast to the northwest inland regions was similar to the regional differences in economic development. During urban expansion, the levels of urbanization are closely correlated to levels of economic development [38] . In general, the income level of urban residents and housing prices are determined by the level of a city's economic development, which is the result of long-term development. 
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Spatial Pattern of Ghost City Areas
Eight typical ghost cities (Figure 8 
Eight typical ghost cities (Figure 8 Some characteristics were observed in the spatial distribution of ghost city areas. The ghost city areas were located on the edges of the built-up areas (Figure 4) . In general, the cities' central areas had well-developed infrastructure, a fast-moving and convenient traffic system, and a high population; however, the edges of the urban built-up areas lacked these supportive conditions [6] . The ghost city phenomenon that emerged during the rapid urbanization is due to the urban population growth lagging behind the development of urban land in extreme cases, resulting in few or no people living in the new built-up areas. On the one hand, it is hard to expand a city with a small population and low economic development power; on the other hand, the attraction to such a city is weak and cannot fill the ghost city area's population vacancy.
In the process of urban development and construction, the expansion of built-up areas is an inevitable process. However, in this process, policy guidance by the local government plays an important role [50, 51] . As we mentioned, the ghost city areas are located on the edges of a city's builtup areas. These areas represent the direction of urban expansion. Thus, these areas were usually planned as new development areas in urban planning. However, unrealistic urban planning policy is likely to produce a ghost city phenomenon in the urban new areas, such as Ordos.
Conclusions
In this study, the ghost city rate (GCR) and average ghost city rate (AGCR) were analyzed to quantify the severity of the ghost city problem using night-time light data. Compared with media reports and other studies on ghost cities, this method combines statistical data with the distribution of vacant urban areas, and provides a visual approach to help residents, officials and urban planners to understand the spatial distribution of ghost cities. After the accuracy check, this method can be considered as an effective method to capture the ghost city information. The results of this study Some characteristics were observed in the spatial distribution of ghost city areas. The ghost city areas were located on the edges of the built-up areas (Figure 4) . In general, the cities' central areas had well-developed infrastructure, a fast-moving and convenient traffic system, and a high population; however, the edges of the urban built-up areas lacked these supportive conditions [6] . The ghost city phenomenon that emerged during the rapid urbanization is due to the urban population growth lagging behind the development of urban land in extreme cases, resulting in few or no people living in the new built-up areas. On the one hand, it is hard to expand a city with a small population and low economic development power; on the other hand, the attraction to such a city is weak and cannot fill the ghost city area's population vacancy.
In the process of urban development and construction, the expansion of built-up areas is an inevitable process. However, in this process, policy guidance by the local government plays an important role [50, 51] . As we mentioned, the ghost city areas are located on the edges of a city's built-up areas. These areas represent the direction of urban expansion. Thus, these areas were usually planned as new development areas in urban planning. However, unrealistic urban planning policy is likely to produce a ghost city phenomenon in the urban new areas, such as Ordos.
In this study, the ghost city rate (GCR) and average ghost city rate (AGCR) were analyzed to quantify the severity of the ghost city problem using night-time light data. Compared with media reports and other studies on ghost cities, this method combines statistical data with the distribution of vacant urban areas, and provides a visual approach to help residents, officials and urban planners to understand the spatial distribution of ghost cities. After the accuracy check, this method can be considered as an effective method to capture the ghost city information. The results of this study show that China's average AGCR was 35.1% in 2013. More than one-third of China's urban built-up areas have varying degrees of vacancy.
Correlation analyses were conducted for the relationship between provincial AGCRs and two indicators (the per capita disposable income of urban households and the average selling price of commercial buildings). The Pearson correlation coefficients were −0.659 (p < 0.01) and −0.637 (p < 0.01), respectively, indicating that regions where the residents have weak purchasing power and low housing prices often have a serious ghost city phenomenon. The result also provides a risk assessment for the government to establish urban planning policy. Cities where the residents have weak purchasing power and where there are low housing prices should be more careful with urban planning and policymaking.
At the municipal scale, the vast majority of cities in China have ghost city areas, with AGCRs ranging from 30 to 35%. Using the municipal AGCR, 31 ghost cities were extracted. These ghost cities were mainly concentrated in the economically underdeveloped inland provinces, such as Heilongjiang, Inner Mongolia, and Xinjiang.
Regarding the spatial distribution, the ghost city areas were concentrated along the edges of the urban built-up areas. The spatial pattern of ghost city areas was different in the different regions of China. The ghost city areas in the developed regions of eastern coastal China were dispersed, while they were more aggregated in the western undeveloped regions.
Considering the limitation of the validation data, it is valuable to further improve the evaluation framework by using multi-source data, such as point of interest, location-based service data and high spatial resolution nighttime light imagery. 
